Abstract. Improvements in detection, treatment and prognosis for patients with non-small cell lung cancer (NSCLC) depend on the molecular understanding of tumor development and progression. Using Affymetrix GeneChips comprising 59,620 elements, we determined the gene expression profiles of 89 NSCLC and 15 normal lung samples. We found 187 (0.3%) genes, which are at least 2-fold overexpressed and 157 (0.3%) genes 2-fold less expressed in NSCLC compared with normal lung. Cell cycle regulation, cell adhesion and nucleotide metabolism were the major biological processes connected to a large proportion of genes up-regulated in NSCLC. Down-regulated genes were frequently involved in metabolic/catabolic processes and signal transduction. The expression of specific genes revealed reliable differentiation of tumor from normal lung tissues, as well as the classification of both NSCLC subtypes squamous cell carcinoma and adenocarcinoma. In this context, collagens (COL7, 17) and cytokeratins (CK6, 15, 17) are preferentially induced in squamous cell carcinoma, whereas several transcription factors (TTF1, DAT1, TF-2) are exclusively elevated in adenocarcinomas. Some gene products involved in the metastatic process and urokinase plasminogen activator · (uPA)] were found as prognostic markers for the recurrence free interval and survival. Particularly, the simultaneous use of the MMP-12 and uPA expression predicted relapse-free and global survival of the patients. Screening of NSCLC with a genome-wide array revealed diagnostic, prognostic and potential therapeutic targets that might be suitable for an individual risk profile by tumor specific arrays.
Introduction
Lung cancer is the leading cause of cancer death worldwide in men and in women. As 86% of the people who are diagnosed with lung cancer die within 5 years, the 169,000 new cases in the United States will lead to more deaths than breast, colon, prostate and cervical cancers combined (1) . The pathogenesis of lung cancer remains highly elusive due to its aggressive biologic nature and considerably heterogeneity, as compared to other cancers. Many genes and signaling pathways are known to be involved in the carcinogenesis as well as progression of non-small cell lung cancer (NSCLC). Genes potentially involved in NSCLC include the tumor suppressor gene p53 (2, 3) , the vascular endothelial growth factor receptor (EGFR) (4), the proliferation factor Ki-67 (5) and the anti-apoptotic Bcl-2 (6). However, none of these molecular markers have achieved a general use in diagnosis or prognosis of NSCLC. Up to now only tumor stage, determined by tumor size and extension, lymph node involvement and distant metastases have gained a widespread acceptance in the decision of therapy and prognosis of patients with NSCLC. Tumor development is associated with molecular changes and it is likely that many of the involved genes are currently unknown.
Global DNA-arrays are a high-throughput method to create an overview of the gene expression status of various malignancies and identify typical targets of these diseases (7) . In this context, global human oligonucleotide arrays are also suitable to recognize differentially expressed genes in NSCLC. Therefore, the present study was performed to assess differentially expressed genes in NSCLC by DNA-microarray technology and their use for tissue discrimination and survival prognosis. The aim was the evaluation of target genes, ONCOLOGY REPORTS 16: 587-595, 2006 587 Identification and classification of differentially expressed genes in non-small cell lung cancer by expression profiling on a global human 59.620-element oligonucleotide array which may provide candidates for a lung cancer specific DNAarray.
Materials and methods
Patients and samples. Tumor and normal lung tissue samples were obtained from 89 consecutive patients with NSCLC, who underwent pulmonary resection surgery between 1999 and 2001 (Table I) . Only patients with clear histological classification as NSCLC (adenocarcinoma, squamous cell carcinoma) without neoadjuvant chemo-or radiotherapy were admitted to the study. In the case of curative resection of the tumor, an extended lymph node dissection was performed. Immediately following resection the tumor tissue and matched normal lung tissue were snap-frozen and stored in liquid nitrogen until use. Tumor histology and stages were estimated according to WHO (8) and the TNM staging according to the UICC classification, respectively (9) . Clinical and pathological data were obtained for all patients and rendered anonymous. The median follow-up duration was 30.9 months (range 14-56 months).
RNA preparation. Total-RNA was prepared from cryopreserved lung cancer samples or normal lung tissue with acid phenol/chloroform extraction (TRIzol; Invitrogen, Karlsruhe, Germany) followed by purification with RNeasy Mini Kit (Qiagen; Hilden, Germany) according to manufacturer's instructions and quantified spectrophotometrically. RNA quality was assessed by visualization of 18S and 28S RNA bands after agarose gel electrophoresis and staining with ethidium bromide.
Microarray expression analysis.
A total of 10 μg RNA from each sample was used to prepare biotinylated target cRNA as previously described (10, 11) . A detailed protocol is available at www.affymetrix.com. Samples were hybridized to a custom expression monitoring RNA microarray designed by Eos Biotechnology, Inc. using Affymetrix GeneChip technology (12) that contained essentially all expressed human genes in the public domain at the time of design (EOS-K). Sequences included on the array were derived from human genomic, expressed mRNA and EST databases in GenBank (13) . Consensus sequences representing human expressed sequences were generated using the Clustering and Alignment Tool software (DoubleTwist, Oakland, CA), and prediction of the expressed genome from the human genome sequence was done using Ab intron-exon prediction (14) . The 59,000 probesets on this microarray represent approximately 45,000 mRNA and EST clusters and 6,200 predicted exons. Data were used after Á-distribution normalization.
Gene chip analysis. After fragmentation of biotinylated cRNAs and hybridization with microarrays (EOS-K), signals were detected with streptavidin-phycoerythrin (SAPE). Signal enhancement was performed using biotinylated goat-antistreptavidin antibodies. Arrays were washed and stained with the GeneChip Fluidics Station 400 and scanned with a GeneArray Scanner. Primary image analysis was performed using Microarray Suite 5.0. Images were scaled to an average hybridization intensity of 200. In total 49 squamous cell carcinomas, 40 adenocarcinomas and 15 corresponding normal lung samples were analyzed. All expression values below 60 were set to 60. To identify specific genes that were differentially expressed in tumors as compared to normal lung tissue we used a criterion that marks differential gene expression at an approximate significance level (determined by Bonferoni method) of 8.0x10 -7 using Student's t-test and a fold-change cut-off of 2.0 for up regulated, respectively 0.5 for downregulated genes. Calculation of fold-changes was performed by dividing the mean expression level of a gene in the tumor samples by the mean expression level of the same gene in the lung samples.
Gene ontology classification. Gene products of differently expressed genes were classified by the Gene Ontology (GO) classification to determine which biological functions or pathways were changed in the tumor. The GO classification consists of three structured, controlled vocabularies that describe gene products in terms of their associated biological processes, cellular component and molecular functions. These data are available at www.geneontology.org/.
Statistical analysis. For analysis of follow-up data, life table curves were calculated with Kaplan-Meier methods, and survival distributions were compared by log-rank statistics. 
The Cox proportional hazards model was applied for multivariate analysis using the SPSS software program (SPSS Inc., Chicago, USA). Only patients with confirmed postoperative R0 status were admitted to the analysis of the disease-free survival. The threshold for statistical significance was p=0.05. an expression differences between NSCLC and normal lung over the dialed significance level and fold-change. At an approximate level of p=8.0x10 -7 , we found only 187 (0.3%) genes, which were at least 2-fold up-regulated and 157 (0.35%) genes 2-fold down-regulated; 14,317 (24%) genes showed a signal intensity smaller than 60 in all samples, which was termed as absent calls.
Results

Differentially expressed genes
Subsequently, all differentially regulated genes were classified into the biological pathway, cellular component and molecular function using the GO classification ( Fig. 1) . Among the genes with increased expression we determined cyclin-B1, cyclin-B2 and topoisomerase II·, which are involved in cell cycle regulation. Transcripts encoding gene products associated with cell adhesion processes were also frequently overexpressed in lung tumors, such as collagens (COL1A1, COL3A1, COL7A1, COL11A1, COL17A1), desmocollins (desmocollin 2 and 3) and claudins (claudin 1 and 10). Additionally, we revealed up-regulated genes involved in catabolic processes of the extracellular matrix, including matrixmetalloproteinases (MMPs)-1, -9 and -12. Downregulated genes are often related to signal transduction pathways (e.g., the receptor for advanced glycosylation end products (RAGE), and the complement component 5 receptor).
Specific targets discriminate lung neoplasms. Among the differently expressed genes we searched for stable targets that reliable discriminate the histological subtypes of NSCLC, adenocarcinoma and squamous cell carcinoma. At the defined significance level of p=8.0x10 -7 , we found only 55 genes 2-fold up-regulated in squamous cell carcinoma in relation to the adenocarcinoma and 17 genes which were 2-fold up-regulated in adenocarcioma compared to squamous cell carcinoma (Table II) . Squamous cell carcinomas were especially determined by elevated expressed genes encoding structural and filament proteins like cytokeratins (CK 6A, 15, 17), collagens (COL7A1, COL17A1) and adhesions proteins (desmocollin 3, integrin · 6). Also, carcinogenesis-related factors like the tumor protein p63 and FAT tumor suppressor homolog 2 (Drosophila melanogaster) were more than 2-fold elevated in squamous cell carcinomas.
Among the small group of up-regulated genes in adenocarcinomas three transcription factors were identified: thyroid transcription factor 1 (TTF1), specific transcription factor DAT1 and transcription factor 2/hepatic. Claudin 3, which encodes an adhesion protein, was also significantly increased in adenocarcinomas. However, based on the distinct heterogeneity of tumour cells/cellular heterogeneity in lung tumours all these 'specific' genes had a high coexpression in the complementary histological subtype. TTF1 was also strongly expressed in 24.5% of the squamous cell carcinomas. Thus, we calculated the expression ratio per sample by dividing the expression value of TTF1 and CK 6A. The dispersion of values after ratio calculation remarkably decreased (Fig. 2) . On the basis of this ratio technique, we accurately discriminated 95% of blinded tumor probes (n=83) as squamous cell carcinoma or adenocarcinoma (data not shown).
Expressions of MMP-12 and uPA correlated with relapsefree survival and survival. Proteolysis plays an important role in the multiple-step process of metastasis. Most of the investigated genes associated with proteolysis, e.g. serine-, cysteinyl- Table II . Significantly up-regulated genes in adenocarcinomas (ACC) and squamous cell carcinomas (SCC). 
and aspartyl-proteinases as well as matrix metalloproteinases (MMPs), remained unaltered in NSCLC samples (Table III) , however, MMP-1, MMP-9 and MMP-12 were increased at significant level. MMP-10, MMP-11 and urokinase plasminogen activator · (uPA) expression achieved only one of the quality objectives for differentially expressed genes, level of significance or fold-change. Because the expression values of these genes were highly variable in the tumor samples, we individually determined cut-offs for the classification into groups of low and high expression. The cut-offs were defined by an expression level of about 150% of the control lung samples (cut-off for MMP-1, -10, -12 set to 100, for MMP-11 set to 300 and for MMP-9 and uPA set to 400 relative expression units, respectively). Subsequently, these cut-off values were used for detailed clinical evaluation of the gene array data. We revealed that 29 (51%) out of the 56 patients with high expression of MMP-12 developed local recurrence (n=4), distant metastasis (n=19) or both (n=6). The tumor relapse rate in the group of low MMP-12 expression was only 14% (n=2); one patient had local recurrence and one patient local recurrence and distant metastasis. Patients with low MMP-12 showed a significant longer median tumor relapse-free survival time (p=0.02) as well as a longer total median survival after operation (p=0.01) in relation to patients with MMP-12 high expressed tumors (Table IV) .
Lung tumor samples of patients with high uPA expression also tend to have higher rates of tumor relapse. Nearly 50% (25 of 51) of patients with high expression of uPA had local Table III . Gene expression data of selected genes involved in metastases. 
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recurrence and/or distant metastasis, whereas only 31% of patients (6/19) with low expression of uPA developed tumor relapse (p=0.2). Kaplan-Meier analysis of the tumor relapsefree survival and total survival revealed differences for uPA between low and high expressed tumors (Table IV) . Although there was no correlation between the expression of MMP-12 and uPA we created three groups of patients depending on the combined gene expression of MMP-12 and uPA. This characterization revealed that all patients with low expression of both genes (group A) survived without tumor relapse for 4 years, whereas patients with high expression of these two genes (group C) had the lowest tumor-free survival rate as well as the lowest 4-year survival rate (20%). Patients with high expression of only one of these two genes (group B) had a tumor-free survival rate of 47% and a total survival rate of 44%. The differences between these three groups were significant (p=0.03) for the total survival (Fig. 3) .
Discussion
The DNA microarray technology provides the technical conditions to obtain a genome-wide picture of cells and tissues. Microarray-based determination of gene expression profiles may, on the one hand, identify new malignancy-relevant Table IV . MMP-12 and uPA in correlation to tumor relapse-free survival and total survival. targets and signal pathways; on the other hand, it offers the opportunity to establish new tumor classifications and perhaps molecular staging systems (15) (16) (17) . Several gene array studies of the major lung cancer types have been published including data of antibody microarrays (18) . However, up to now these studies worked with global DNAarrays and no clinical relevant changes followed. The objective of the present work was to evaluate differentially expressed genes as potential targets for a lung cancer specific DNA-array for new diagnosis and therapy concepts.
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Out of 59,620 examined genes or ESTs, only 0.6% (n=344) were expressed significantly differentially between lung and tumor, which could be an indication that only few genes change their expression during the processes of tumorigenesis and metastases. In the literature the proportions of differentially regulated genes are specified to different degrees ranging from 0.08% in prostate carcinoma (19) to 20% in breast cancer (20) . In this regard, the results are largely influenced by the selection of the genes located on the DNA chip. So, tumor-specific gene chips (21) show more expression differences of their spotted sequences than gene chips, representing, e.g. a large part of the human genome.
Besides the number of the differentially expressed genes, the function of the gene products is essential. The classification according to biological process gives insights into molecular changes occurring in tumor development and progression. In the present work, the largest part of the highly expressed genes in the tumor tissues was involved in the processes of cell growth, including metabolism and the cell cycle, and in the processes of cell communication and adhesion.
Ongoing activation of cell cycle/proliferation represents one of the decisive features of tumor development. Therefore, genes involved in cell cycle regulation showed a higher expression in almost all DNA microarray analyses studying bronchial carcinomas. Cyclines (including cyclin-B2) and cycline-dependent kinases are very often overexpressed in lung cancer (22) (23) (24) (25) (26) . The highly expressed cyclines-B1 and -B2 play a key role in the G2/M phase. It has been reported that patients whose tumor expressed cyclin-B1 at a high level had a significantly shorter survival time than did patients whose tumors expressed cyclin-B1 at a low level (27) .
DNA topoisomerases including TOP2A are repeatedly shown as highly expressed genes in NSCLC (22) and SCLC (23). Chen et al were able to prove that an increasing metastasising capacity of pulmonary adenocarcinoma cell lines is associated with an increased expression of TOP2A (28) . On the basis of topoisomerase inhibitors as clinically applied anticancer drugs, the detection of DNA topoisomerases may also be useful as the therapeutic target (29). Moreover, it was possible to show in vitro that the sensitivity towards topoisomerase inhibitors correlate with the expression level of topoisomerase II · in malignant cells (30) .
Genes involved in cell adhesion were also up-regulated in the tumor samples. The highly expressed collagens (COL1A1, COL3A1 and COL11A1) are relatively ubiquitously represented in all NSCLC and might reflect the stroma proportion in the tumor tissue. Nevertheless, other collagens (COL7A1 and COL17A1) are specific for histological subtypes (e.g. squamous cell carcinoma) of the NSCLC. The increased expression of COL7A1 and COL17A1 seems to be a sign of squamous cell differentiation of the tumor, as they were also found in carcinomas of the head-and-neck area, the vulva, vagina (31) and the skin, the oesophagus and cervix (32) . Out of other highly expressed genes coding for cell adhesion molecules, Claudin 10 and DSC 2 and 3 seem to play a significant role in NSCLC. The gene product of Claudin 10 is secreted and might therefore be used as a potential serum tumor marker (33) . In contrast to Claudin, the expression of DSC2 and DSC3 depends on histological subtypes. While adenocarcinomas only express DSC2, squamous cell carcinomas are characterized by an increased gene expression of DSC2 and DSC3 (34) .
Gene expression differences between normal and tumor tissues including histological subtypes provide the opportunity of automated tissue discrimination with the aim of automated diagnostics. The present study proved that the combination of gene pairs, by applying expression ratios and cut-offs, does provide significantly more information than the expression of an individual gene. This has also been described for tissue differentiation of tumor and normal lung by calculating the expression ratio of RAGE and cyclin-B2 (35) . We have additionally shown the discrimination of squamous cell carcinomas and adenocarcinomas by determing the ratio of TTF1 per CK-6A. This expression ratio technique represents a more efficient method to translate the strengths of microarray expression profiling into easy clinical tests. Moreover, this technique is simple with broad clinical use in diagnosis as well as prediction of prognosis in cancer. The accuracy is even higher if the expression value of the two differentially expressed genes is nearly the same. Additionally, this ratio-based technique is independent from the expression measuring method, needs no gene expression reference (house-keeping gene as loading control), requires only a small amount of RNA and does not require the coupling of transcription to translation for the chosen genes (36). Gordon et al tested expression ratios in the discrimination of two different tissues for the first time (37) . Using two or three expression ratios of two differentially expressed genes, they found that the differential diagnosis of mesothelioma and pulmonary adenocarcinoma was 95 and 99% accurate, respectively. With the geometric mean of three most accurate individual ratios of four genes Bueno et al were able to distinguish normal prostate and prostate cancer samples obtained at surgery with 90% accuracy (38) . This technique is highly precise in the discrimination of cancer tissues, and it can be equally useful in additional clinical applications such as prediction of outcome. In mesothelioma patients treatment-related outcome was predicted by gene expression ratio-based analysis (36) .
So far the expression changes of many individual genes were possible to be correlated with the prognosis of tumor patients (39) . However, in most of the cases the reproducibility of the results in larger patient groups was missing, as a single prognosis factor may not reflect the complexity of tumorigenesis. As a conclusion of these findings, individual predictions of a possible relapse and/or a survival prognosis are probably only possible by using a group of genes. In the present work R0-resected patients could be divided in groups ONCOLOGY REPORTS 16: 587-595, 2006 with low to high metastases formation risk based on the expression of two genes (MMP-12, uPA). It was possible to show that all R0 resected patients with tumors having low levels of MMP-12 and uPA did not incur any risk of a relapse in the first 4 years after the operation. MMP-12 and uPA in combination also allowed for a statement on total survival. Only one report exists so far on the NSCLC, in which two factors, MRP-1/CD9 gene expression and the K-ras gene mutation, are applied simultaneously to determine the survival prognosis (40) .
The high expression of MMPs and uPA provides the opportunity of using these genes for target-based immunotherapies. First generations of MMP inhibitors (MMPIs) already proved an extensive broad-spectrum MMP blockade (e.g. batimastat, marimastat, prinomastat). In contrast, MMPIs of the last generations resulted in a more selective blockade of distinct MMPs. BAY 12-9566 selectively inhibits MMP-2, -3 and -9 while ONO-4817 impairs the function of MMP-2, -8, -9, -12 and -13 by blocking the zinc binding sites. The application of anti-uPA antibodies considerably reduced the matrix invasion and the formation of lung metastases in a Lewis Lung cancer model (41) . Several other studies proved an in vivo antitumor effect through treatment with amilorid (42, 43) , which is a non-specific uPA inhibitor.
In the clinical practice, the most commonly used target genes for treating NSCLCs are EGFR and VEGF (44) . Both target genes are affected by immunotherapeutics in combination with classic chemotherapeutics (Sandler AB, et al, ASCO, Abst, 2005) . Nonetheless, the clinical application of those immunotherapeutics and other targeted treatments of cancer have so far been disappointing. This may due to the non-specificity of the inhibitory agents and the lack of relevance of these drugs to patients without individual target induction. Therefore, diagnostics and treatment strategies should include the results of tumor-specific DNA chips, which only analyze a low but relevant number of specific target genes. Measuring the genetic profile of the respective tumors may consequently lead to improvements in diagnostics, therapy decisions, and success of anticancer therapies.
